Abstract: Hydraulic fracturing has increased immensely in recent years. An accurate prediction of frictional pressure losses of fracturing slurries is crucial for successful treatment and avoiding premature screen-out or even treatment failure. Scarce data and lack of theoretical basis of slurry flow, especially in coiled tubing, has led to very limited number of correlations that are available to predict slurry frictional pressure losses. Yet, the accuracy of the available correlations is still questionable. The current paper presents a statistical comparative analysis of the available frictional pressure losses correlations for slurry flow in straight and coiled tubing employing the recently introduced math modeling technique giving weight for the models known as AIC (Akaike information criterion). With the help of AIC, the authors evaluated the available correlations to examine their accuracy. The results show that none of the available correlations can accurately predict friction pressure losses of slurries. The correlations show some reasonable accuracy within a very limited data range. However, they failed outside this range indicative of their poor applicability. AIC shows how much information is lost when using these correlations which can lead to erroneous results, and even job failure. This fact keeps the gates widely opened for more in-depth experimental, analytical, and theoretical analysis for better understanding of flow behavior with fracturing slurries aiming at developing a more realistic correlation to predict their frictional pressure losses. This paper represents the authors' first step toward developing such correlation, with the application of information theory and AIC.
Introduction
In hydraulic fracturing treatment, bottom hole treating pressure has to be calculated in order to define the net pressure generated in the fracture. Inaccurate net pressure, especially when pumping proppant, may result in an early termination of the treatment and not achieve the design goals. Proppant/solids-laden fluids are often called slurries or suspensions or dispersions. Their flow is very complex to model due to the existence of two-phase flow consisting of base gel and solid proppant. In coiled tubing, it is even more complex due to complex flow regimes and possible separation of solids from the suspending medium under the effect of centrifugal forces in the curved flow geometry [1, 2] . This complexity may lead erroneous results when calculating friction pressure losses for slurry flow to calculate the resulted bottom hole treating pressure and hence the net pressure. Several researchers [3] [4] [5] [6] provided a comprehensive review and background on slurry flow. However, much of the previous research be focused on the flow of solids in Newtonian fluids and numerous correlations were made available for predicting the slurry relative viscosity which can be used for frictional pressure losses estimation.
For non-Newtonian fracturing slurries, several papers reported studies of frictional pressure losses. Hannah et al. [7] presented a multiplier approach to predict the increased friction pressure caused by proppant. Shah and Lee [8] presented a detailed theory and empirical master curve for predicting the effect of proppant on friction pressure losses. Keck et al. [9] proposed a Dodge-Metzner type equation for the base gel and recommended the use of multiplier to calculate the slurry frictional pressure losses. Recently, Azouz et al. [10] reported experimental results of friction pressure of linear guar and crosslinked guar gum and HPG (hydroxypropyl guar) in 1 ½ -in. coiled tubing.
McCann and Islas [11] also reported some full-scale test results using coiled tubing of diameters of 1.75, 2 and 2.375 in. on a 98 in. diameter reel.
Overall, literature reviewed clearly shows two distinct approach to estimate the frictional pressure losses for slurries. The first approach is through using friction multiplier while the second approach is attempting to define the total pressure drop as a sum of base gel friction and additional pressure drop due to proppant.
The use of coiled tubing for hydraulic fracturing has increased tremendously in recent years. This is mainly due to the numerous benefits coiled tubing offers over conventional straight tubing. The primary benefits of the coiled tubing are the simpler logistics and faster time for putting a well on production. Because of these advantages, the coiled tubing is being evaluated for wider fracturing applications. Even though the advantages of coiled tubing are understood, there are very few studies available on the friction pressure losses for slurry flow through coiled tubing. As a result, the industry finds it difficult to predict these losses during fracturing treatments. Recently, investigation of the flow behavior of fracturing slurries has attracted great interest, especially in 2⅜-in. coiled tubing as reported by Gavin [12] .
Lack of proper slurry flow modeling and theoretical understanding has, however, contributed to the limited data available in this field of investigation. This has led to limited number of correlation that can really describe flow complexity of fracturing slurries and give an accurate estimation of frictional pressure losses in both straight and coiled tubing. This paper is the authors' first step to develop a more accurate correlation to predict frictional pressure losses of slurries. In this paper, the authors will examine the most common and most recent multiplayer based correlations that are available in literature and evaluate their applicability using the newly introduced model selection technique, that is information theoretic based. This can open the gates further for more modeling techniques to improve model selection to accurately predict flow behavior of fracturing slurries as well as various other parameters that are very crucial in the oil and gas industry.
Multiplayer Based Friction Pressure Losses Correlations
The authors limited their evaluation and model analysis to the most common multiplayer based correlations that can be used to predict friction pressure losses for slurries in both straight and coiled tubing. Two of the correlations adopted in this analysis were developed using the state of the art facility at the WCTC, Well Construction Technology Center at the University of Oklahoma.
WCTC is unique in that it is an advanced technology research center that incorporates high pressure, high temperature fluid flow applications using both field scale and lab scale equipment for the oil industry. Flow loops vary in terms of geometry between straight and coiled tubing with various curvature ratios and concentric annuli with pumping units that can achieve very high flow rates (10 bbl/min) under high pumping pressure (5,000 psi). In developing the considered correlations, data from different flow loops, steel grades, geometries, curvature ratios, base fluids and proppant concentrations were used as listed in Table 1 [13] .
The other correlation adopted here was developed by Pandey and Robert [14] using surface pressure data of real frac treatment jobs.
WCTC #1
The first preliminary equation was developed in 2002 where the multiplayer was a function of both flow behavior index, n and volumetric proppant concentration, c v as given below [14] : 
WCTC #2
The second equation was as an improvement and modification of the first preliminary equation [13] . However, the multiplayer is a function of proppant concentration, c v only as given below: The second correlation was compared with field data of two wells (nine stages for the first well and seven sages for the second well). The predicted and measured data for the first well showed a good agreement with an average percent deviation of 4.8% and a maximum deviation of 8%. For the second well, similar agreements were noticed between measured and predicted data with 3.5% and 6.2% as an average and maximum deviation, respectively [13] .
WCTC #1 and #2 correlations were compared with the previously published correlations of Durand and Condolios [7-9, 15, 16] and their superiority was clear. Thus, these two equations are employed in the analysis.
PR Correlation
The other correlation considered in this research was developed in 2002 using surface pressure data [14] . In their study, the surface pressures and bottom hole treating pressures recorded during a frac treatment was utilized to compute the frictional pressure drops during proppant stages and hence to develop a multiplayer based correlation for slurry flow in straight tubing. To develop their correlation, Pandey and Robert [14] used data from 168 frac treatment jobs with cross linked CMHPG (carboxy methyl hydroxyl propyl guar) using 
This correlation was generated using an average velocity in range of 20 fps to 80 fps which is the practical range for most frac treatments nowadays. An average deviation of about 0.23% was observed when the results obtained from correlation were compared with frictional pressure losses calculated in cases where bottom hole pressures were measured. Furthermore, proppant friction exponents obtained from correlation were used in several other jobs that were not part of the initial study and reasonably good pressure history matches were obtained.
Information Theoretic Based Model Selection Techniques
Often, in applications, researchers are faced with a need to model a certain phenomenon so that prediction can be made in future. There are typically three steps to model a system [16] . First, a set of parameters is introduced to describe the system. Then, a model is developed by employing some physical principles. This model enables researchers to make predictions of measurements of observable parameters. Once the set of candidate models has been chosen, a mathematical analysis is needed to select the best model among the candidate models. Burnham and Anderson [17] emphasized the importance of choosing models based on sound scientific principles. Models, by definition, are only approximations to unknown reality; there are no true models that perfectly reflect full reality. George Box made the famous statement "All models are wrong but some are useful." [18] . A good model selection technique should balance goodness of fit with simplicity. The simplicity of the model is generally measured by counting the number of parameters in the model (also the nature of the model plays a role in the model simplicity).
In this work, an information theoretic approach is used to compare with various models for prediction of slurry frictional pressure losses in straight and coiled tubing. Model selection techniques that are information theoretic based can be considered as estimators of the probability of the model producing the given data. The mathematical derivations of the criterion will not be discussed in details as this can be found in many references [17, 18] . However, we will briefly explain two models can be distinguished by their correspondence value of the information criterion.
The information criterion, C is defined as:
where, k is the number of the estimated parameters in the model including σ (standard deviation) and the intercept. ) ( y l θ is the numerical value of the likelihood at its maximum [19] [20] [21] . The value of this criterion gives the information lost if a particular model is used to approximate the truth model (that is usually unknown). Consequently, the model with the smallest value is considered the best among the set of candidate models [17] . It is very helpful to find the weight of the model compared to the rest of the models. The weight for a model is defined to be: ω i is considered as the weight of evidence in favor of model i being the best model of the two candidate models. This weight can also be interpreted as the probability that particular model is the best model and hence it can be used. In other words, the model with higher value of ω is a better model for future prediction [22] .
It is clear that the information theoretic approach is theoretically sound, in other words, it is a formula that is mathematically derived and proved to minimize the information lost when we use the best chosen model to approximate the truth model. Furthermore, the weight of the model allows us to see how strong the fit of a model compared to the second model is. As stated earlier, the simplicity of the model is a very essential issue in model selection and the information theoretic approach takes the number of parameters in the model under account and hence protects the over fitting issue. Among many other modeling technique, this one shows many evidences of stability and it is more sound mathematically and practically [23] [24] .
Model Analysis
Data used in this analysis include two main sets. The first set includes the experimentally measured values of friction pressure losses of slurry in both straight and coiled tubing that were generated and gathered at WCTC. For each geometry in WCTC set, data are divided into three subsets for different tubing sizes, base fluid type, and proppant concentration where AIC is employed. Furthermore, all WCTC data are grouped in one set for more broad analysis. The other data set was gathered by Pandey and Robert [14] .
Afterwards, both WCTC data and PR data are combined and used as a base for statistical analysis for more pragmatic evaluation.
Coiled Tubing
Two equations are considered for coiled tubing case as the other equation developed by Pandey and Robert [14] was only for straight tubing. WCTC #1 has two variables, n and c v and hence its k value is 3 while WCTC #2 has one variable, c v and its k value is 2. To get a better picture of prediction, three subsets of data are combined and AIC is employed to see which model is better for the whole range. Table 2 summarizes the statistical results for both WCTC equations in the coiled tubing case when comparing their predictions with data measured at WCTC. Using both the experimental and predicted values, the MSE (mean square error) of each equation was calculated and then the information criterion stated above was employed to calculate the weight of the same equation. As seen from Table 2 below, for various tubing sizes, WCTC #1 is preferred to WCTC #2 with a probability of 63% versus 37%. Probably with these percentages one can use either equation with a preference for WCTC #1.
When considering different base fluids, WCTC #2 is the best with no chance, what so ever, of having WCTC #1 as a possibility. In other words, this analysis suggests using WCTC #2. For different proppant concentrations, it is evident that WCTC #1 is a much better option as its probability is 98% versus only 2% for WCTC #2. It is apparent that different models behave differently for different ranges of data; and hence to see more broad behavior of these two equations, the three subsets of data are combined as one set where the weights of both equations are calculated which shows WCTC #2 to be the best in predicting friction pressure losses of slurries in coiled tubing.
In addition to the weight factor, ω and the values of MSE are listed which clearly agree with our conclusions using weight factor. WCTC #1 shows lower MSE in some cases while WCTC #2 shows lower MSE in other cases as well as when combining the whole data.
Straight Tubing
For the straight tubing case, the three equations are statistically examined using the data measured at WCTC and Table 3 summarizes the results. Table 4 shows the results of the same three equations based on data gathered by Pandey and Robert [14] . Table 3 shows that WCTC #2 is best when considering different tubing sizes and different proppant concentration with a probability of 100%. On the other hand, WCTC #1 is better when considering various base fluids. For the whole data, WCTC #2 is the best with a probability of 100 %.
Same conclusions can be drawn from MSE values. Overall, WCTC #2 shows better performance when considering the whole data with probability of 100% and very small MSE value.
Meanwhile, PR does not show good agreement considering both weight factor and MSE. Its probability is 0% with larger MSE values which makes it a non-viable option to predict friction pressure losses of slurries in straight tubing. Table 4 shows the statistical results of the three equations when comparing their predictions with data gathered by Pandey and Robert [14] .
As it can be seen in Table 4 , PR correlation has somehow a better performance than the other two equations indicated by small value of MSE, 0.1051 and larger probability, 65%. The other two equations developed at WCTC show very poor performance indicated by higher MSE values and lower probability or weight factor. However, WCTC #2 shows a better performance than WCTC #1.
As an overall conclusion, data gathered by WCTC team and by Pandey and Robert [14] are combined as one general set and used to generally evaluate the three equations' performance. The results are shown in Table 5 .
As it can be seen from Table 5 , there is no preference of any equation to the others as they all fail to predict friction pressure losses of slurry in straight tubing with a reasonable accuracy as indicated by MSE vales and weight factor. Again, WCTC #2 still has small MSE value and high probability when compared with the others. Yet, it is not a viable option to predict accurate values that are comparable to the measured data as it shows high MSE values and low probability or weight factor.
Discussion
In this paper, the most recent multiplayer based correlations for friction pressure losses of slurries in straight and coiled tubing are evaluated. Old correlations like Hannah, Keck, etc. are not considered as the comparison between their performance and new correlations' performance shows their poor accuracy [24] .
As it can be inferred from the results of statistical analysis listed in Tables 2-5 , there is no equation that can be used to predict friction pressure losses of slurries in either straight or coiled tubing with reasonable accuracy. Based on weight factor and mean square error, certain equations may perform reasonably within certain ranges. Outside this range, it fails.
Also, both WCTC equations and PR equation give reasonable values when comparing them with their own data set, as expected, but both fail to yield comparable values to the opposite data set. When combining both WCTC data with PR data, no equation shows success in predicting accurate results.
Among the three equations, WCTC #2 seems to be more reasonable than the other two equations. Yet, its accuracy is still questionable, especially when comparing it with PR data. In addition, WCTC #2 is a function of proppant concentration only and neglects the effect of base fluid rheological properties. This may be mainly due to the use of two base fluids only, 25 lb/Mgal and 35 lb/Mgal guar where there may be no distinctive difference between their rheological properties in terms of flow behavior index.
Finally, the scarce data available for slurry flow particularly in coiled tubing make it difficult to develop an equation that can be used to predict their flow behavior with reasonable accuracy. This fact keeps the doors opened for more in-depth experimental and theoretical analysis of flow behavior of slurries in straight and coiled tubing aiming at developing a more realistic correlation.
Conclusions and Recommendations
Sometimes in the oil and gas industry, the real problem is the large number of correlations that can be used to predict specific parameter. In such case, the question is which correlation one should use. This paper introduces a new concept of model selection that can alleviate this dilemma, especially when we know that true models are very difficult to get. With that being said, this paper presents a comprehensive statistical comparison among the available models used to calculate friction pressure losses of slurries in straight and coiled tubing during frac treatment job.
Three multiplayer based models are included in the analysis. All models were generated using either field data or large scale experimental setup and were validated with field data. It is evidently clear that none of the models works for all ranges of data. However, WCTC #2 seems to be more realistic than other models, although it only considers the effect of proppant concentration and ignores the effect of base fluid rheology. This justifies the need for a more accurate correlation that can describe flow behavior of slurries in both and straight tubing. Therefore, more in-depth experimental and theoretical analysis of flow behavior of slurries in straight and coiled tubing is recommended.
